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Multi-region input output table
Brazil
a b s t r a c t
Energy use is the major source of greenhouse gas emissions. The aim of this paper is to examine total
domestic and foreign energy use across industries in Brazil over the period 1995–2015. We found that
total energy use experienced an annual average growth rate close to 3%. In 2015 only three industries
accounted for 37% of total energy use in Brazil: Transport, Food & Beverages, and Electricity, Gas,
and Water. In these industries the share of the energy used and produced domestically was higher
than the average (85.6%, 84.5% and 94.5% of the total, respectively). In contrast, other industries were
increasingly reliant on foreign energy. Thus, the share of domestic use of energy produced abroad was
higher than 20% in Textiles and Wearing Apparel, Electrical and Machinery, Transport Equipment and
Construction. This fact extends the problem of energy-related emissions mitigation from the national
to the global level.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
To reverse the current climate situation, we need to change
ur energy use patterns. Governments around the world have
ssued plans to transition to more sustainable energy systems
ble to reduce energy-related carbon dioxide and other green-
ouse gas (GHG) emissions. Over the last years, the number of
tudies that examine trends in energy use and emissions rose
ubstantially (Aydin, 2014a,b, 2015a,b; Aydin et al., 2012; Azadeh
nd Tarverdian, 2007; Feng and Zhang, 2012; Harun et al., 2021;
astuti et al., 2021; Köne and Büke, 2010; Su et al., 2019; Su and
ng, 2020; Wan et al., 2021; Wang et al., 2021; Wang and Yang,
020; Wang and Zhou, 2019; Zhu et al., 2020). They conclude that
o mitigate climate change it is necessary to phasing out fossil
uels and stimulate renewable energy deployment, especially in
ndustry and transport sectors, where renewables still meet low
hares of their total energy use. According to the IEA World En-
rgy Outlook 2019, energy-related emissions hit an historic high
n 2018 as global energy demand increased at almost twice the
verage rate of the decade (IEA, 2019). However, because of the
OVID-19 pandemic, in 2020 world primary energy consumption
xperienced the largest decline since 1945 and emissions fell
∗ Correspondence to: Institute of Regional Development, University of
ranada, Calle Rector López Argüeta, 4, Centro de Documentación Científica,
lanta 3, Granada, 18001, Spain.
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L.S. Almeida).ttps://doi.org/10.1016/j.egyr.2021.09.073
352-4847/© 2021 Published by Elsevier Ltd. This is an open access article under theby 6.3%. This decline was mainly explained by the drop in oil
consumption. In spite of this drop, in 2021 oil still accounted for
the largest share in the world energy mix (31.2%), followed by
coal (27.2%), natural gas (24.70%), hydroelectricity (6.9%), renew-
ables (5.7%) and nuclear energy (4.3%) (BP, 2021). Nonetheless, as
the IEA Executive Director Fatih Birol points out, ‘‘low economic
growth is not a low-emissions strategy’’. In other words, it is
necessary to introduce structural changes both in production and
consumption if we want to substantially reduce GHG emissions
(IEA, 2020c).
Over the last decades Brazil has undergone radical changes
in its economic, social, and environmental structure (Marconi
et al., 2016; Wachsmann et al., 2009) and it is one of the main
developed economies in the world (IBGE, 2020; IPEA, 2020).
Among the major changes experienced by the country we can
highlight its increase in industrial activity and exports and the
subsequent rise in industrial energy use (Banday and Aneja, 2020;
Bhat, 2018; Kim and Tromp, 2021; Montoya et al., 2021). Thus,
despite over the period 2014–2019 there was an annual decline in
industrial GDP per capita of 3.9%, industrial energy intensity grew
at an annual average rate of 1.3%. The major reason was the rise
in the share of energy-intensive industries (Ministério de Minas
e Energia, 2020b). Nowadays, Brazil is the eight largest total
energy supplier in the world. It also the eight largest producer
and consumer of electricity (IEA, 2020a). Despite more than 80%
of total electricity supply is generated by renewables, 54% of the
energy consumption of the country is still based on fossil energy.
Oil and its products show the largest share in the energy mix
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
































































34%), followed by natural gas (12%) and coal (5%). Among renew-
bles, sugarcane biomass is the major source (18%), followed by
ydropower (12.4%) and firewood and charcoal (8.7%) (Ministério
e Minas e Energia, 2020b). From a sectoral perspective, in 2019
ransport and industrial consumption accounted for more than
3% of the total energy consumption of the country. In contrast,
ousehold consumption only represented 10.3% of total energy
onsumption (Ministério de Minas e Energia, 2020a). It is neces-
ary to note that there is a high heterogeneity in energy intensity
cross industries. Thus, if we compare the shares in final energy
onsumption across industries, we can highlight that only three
ndustries, namely, steel, sugar, and pulp and paper, accounted
rom more than half of industrial final energy consumption. In
erms of energy intensity, the most energy-intensive industry was
aper and pulp (Ministério de Minas e Energia, 2020a).
The Paris Agreement is the first ever legally binding global
limate change agreement. In compliance with Article 4, para-
raph 12 of the Paris Agreement, countries must communicate
heir Nationally Determined Contributions (NDCs) to reduce their
HG emissions. The ambitious Brazilian NDC was reformulated
n 2020. A target to reduce GHG emissions by 37% and by 43%
n 2030 compared to 2005 levels was set. The achievement of
his target is mainly based on increasing the share of ‘‘other
enewables’’, like solar photovoltaic energy, wind energy and
iofuels (Lima et al., 2020; Pereira et al., 2012), as hydropower
s highly dependent on the hydrological cycle (Mendes and Sthel,
017). Gurgel et al. (2019) highlight, the use of fossil energy
s one of the main explanatory factors for GHG emissions in
razil, in combination with agriculture and land-use changes and
eforestation. Table 1 provides an overview of different measures
roposed to reduce energy-related emissions in Brazil.
As can be seen, most of the proposed measures focus on
educing the impact of high energy-intensive industries and on
ising the share of low carbon industries. An essential previous
tep to introduce most of these measures is the identification
f the most energy-intensive industries within the production
ystem. The aim of this paper is to examine the evolution of
otal (both direct and indirect) energy use across the Brazilian
roduction system over the period 1995–2015. For doing so we
mploy an extended multi-region input output (MRIO) model.
s Lenzen et al. (2013) point out, MRIO-based studies can be
articularly useful to bring the issue of energy (and carbon)
mbodied in international trade to wider audiences. Compared
o other methodological approaches that are conducted at the
icro-level and adopt a bottom-up perspective (like life-cycle
ssessment), MRIO models employ a top-down approach and are
arried out at the macro-level. According to Chen et al. (2020)
his allows to trace total energy flows across industries and across
ountries and to capture the impact of globalization on energy
se. Moreover, compared to the analysis of direct energy use,
RIO models provide a more systematic perspective of energy
se (Chen and Chen, 2011; Chen and Wu, 2017) and allow ‘‘to
iscover where the real energy use occurs in the production
hains’’ (Wachsmann et al., 2009, p. 586). It is necessary to
ote, however, that these models also have drawbacks. These are
ainly related to the time lag in the publication of MRIO tables
nd the hypotheses on homogeneity, proportionality and imports
hat are assumed (Miller and Blair, 2009).
To the best of our knowledge, there is no study that estimates
otal energy use at the industry level differentiating between the
omestic and foreign origin of the energy used in Brazil. The
esults of our analysis reveal the existence of different energy
se patterns among the Brazilian industries. Thus, for one part,
e find high energy-intensive industries that rely mainly on
nergy produced in the country. For the other part, there are
ome industries increasingly reliant on energy produced abroad.
6328These results can be useful for national energy policy making.
They can serve as a basis for domestic energy use regulation and
for adjustments in the international trade structure. Given the
close relationship between energy use and GHC emissions, these
results can also help to better design measures aimed at reducing
energy-related emissions.
The remainder of the paper is organized as follows. First,
we briefly review the literature dealing with energy use, paying
special attention to those studies that focus on Brazil. Second, we
present the data and methodology employed. Next, we comment
on the results obtained. Finally, we summarize the main conclu-
sions reached and elaborate some policy recommendations.
2. Energy use in Brazil: a review of the literature
Due to the close relationship between energy and GHG emis-
sions, a high number of studies dealing with energy use have
emerged over the last decades. We can trace back the interest in
embodied energy flows to the energy crisis of the 1970s (Binder,
1974). Thus, in 1973 Robert Herendeen (Herendeen, 1973) intro-
duced the concept of embodied energy drawing on the physio-
cratic theory (Quesnay, 1758). The basic idea was that primary
energy enters into society and circulate in the form of embodied
energy in the different goods and services. So, to get an accurate
estimation of total energy use, it is necessary to take into account
that embodied energy flows (Bullard and Herendeen, 1975a,b;
Hannon, 2010; Herendeen, 1978, 2004). These models were based
on traditional input–output analysis (IOA) (Leontief, 1936) al-
though in some cases they were combined with life cycle analysis
(LCA) giving place to hybrid models (Bullard et al., 1978). In the
late 1970s and early 1980s decomposition analyses (DA) were
developed to examine energy efficiency at the industry level.
According Hoekstra and van den Bergh (2003), there are two main
types of DA: structural decomposition analysis (SDA) and index
decomposition analysis (IDA). While SDA uses input output data
IDA does not employ any input output model. IDA can be linked
to two main groups of methods: the first one is based on the
Laspeyres index and the second one draws on the Divisia index
(Ang, 2004).
The new oil crisis that caused the explosion of oil prices in
the 1990s brought about a renewed interest in energy flows,
and more concretely in embodied energy flows (Adelman, 1990).
More recently, the focus has moved to the environmental impact
or energy footprint. Different approaches can be distinguished
when analyzing embodied energy flows. The best known is IOA,
which has been widely used both at local and global scales (Chen
et al., 2020). Two other methods are LCA, which is commonly
used to evaluate specific products or technologies (Goldstein
et al., 2013; Lee and Tzeng, 2008; Nabavi-Pelesaraei et al., 2017;
Pehnt, 2006), and ecological network analysis (ENA), which is
employed to assess the sustainability of energy systems (Kharrazi
et al., 2014; Zhang et al., 2010). Among the most recent studies
on energy modeling we can highlight those conducted for agricul-
tural sector (Ghasemi-Mobtaker et al., 2020; Khanali et al., 2021;
Mostashari-Rad et al., 2021; Nabavi-Pelesaraei et al., 2021a,b).
Within IOA, MRIO models estimate the energy use and GHG
emissions occurring along global supply chain (Chen et al., 2018,
2019, 2020; Chen and Chen, 2011, 2013; Chen and Wu, 2017;
Gyamfi et al., 2021; Shepard and Pratson, 2020; Wu et al., 2019a,b,
2020; Wu and Chen, 2017; Zhang et al., 2019; Zhao and Liu,
2020). In a context of increasing inter-dependencies of countries,
it is essential to take into account that a growing share of the
total energy use of a country is composed of the energy use
induced by goods and services produced abroad. Many papers
on energy footprint include Brazil within the groups of countries
analyzed. We can cite as examples the study by Lan et al. (2016)























verview of measures proposed to reduce energy-related emissions in Brazil.
ource: Own elaboration
Authors Measures
Bastidas and Mc Isaac (2019) Shifting final demand from fossil energy-intensive industries like food and vehicles to service industries like tourism and
health and education
Carvalho et al. (2020) Introduction of low carbon energy technologies, development of the bioenergy market and the strengthening of low carbon
energy industries
Chen et al. (2013) Adjusting the industrial structure by reducing both energy-intensive producing industries (like coal and mining or petroleum
refinery) and energy-intensive user industries (like non-metallic products, metals, or machinery)
Kim and Tromp (2021) Shifting production and consumption to cleaner products by using carbon taxes and carbon tariffs.
Köberle et al. (2020) Introduction of low-carbon sources for all energy carriers, switching from fuel in transportation, fostering energy efficiency in
industry and transportation and promoting low-carbon power generation like biomass, wind, and solar
Lampreia et al. (2011) R&D investments and technological learning
Lefèvre et al. (2018) Introduction of a subsidy for pre-salt oil domestic refining and consumption
Lucena et al. (2016) Improvement of professional qualifications in renewable energy
Teixeira M.D. de et al. (2020) Targeting investments in strategic sectors like the forest sector, agriculture, transportation, and some industrial sectorsTable 2
Studies on energy use in Brazil.
Source: Own elaboration.
Authors Period Method Sector
Schaeffer and de Sá (1996) 1970–1993 IOA Industries
Machado and Schaeffer (1997) 1995–2015 IOA Industries
Machado et al. (2001) 1990–1998 IOA Industries
Tolmasquim and Machado (2003) 1995–1996 IOA Industries
Montoya et al. (2014) 2009 IOA Industries
Arbex and Perobelli (2010) 2009 IOA + other Industries
Carvalho et al. (2015) 2009 IOA + other Industries
Carvalho et al. (2016) 2009 IOA + other Industries
Cohen et al. (2005) 1995 DA Households
Achão and Schaeffer (2009) 1980–2007 DA Households
Sanches-Pereira et al. (2016) 2009 DA Households
Abrahão and Souza (2021) 2000–2018 DA Households
Wachsmann et al. (2009) 1990–2010 DA Industries and households
de Freitas and Kaneko (2011) 1970–2009 DA Industries and households
Montoya et al. (2021) 2015 IOA Industries and householdsfor 186 countries, by Chen et al. (2019) for 40 countries, by
Zhang et al. (2019) for the BRICS group or by Gyamfi et al. (2021)
for the emerging industrialized seven (E7) economies. However,
the number of studies that focus on Brazil is scarcer. They are
summarized in Table 2. For one part, we can find studies that
examine energy use starting from IOA at the industry level (Arbex
and Perobelli, 2010; Carvalho et al., 2015, 2016; Machado et al.,
2001; Machado and Schaeffer, 1997; Tolmasquim and Machado,
2003) and, for the other part, studies that employ DA at the
household level (Abrahão and Souza, 2021; Achão and Schaeffer,
2009; Cohen et al., 2005; Sanches-Pereira et al., 2016). Some
studies take into consideration both perspectives (de Freitas and
Kaneko, 2011; Wachsmann et al., 2009).
At the industry level, the paper by Schaeffer and de Sá (1996)
stimates the fossil energy associated with the production of
razilian merchandise exports and imports for the period 1970–
993 by combining international trade data and energy inten-
ities from input–output tables. This energy was converted to
arbon emissions by using the carbon content of fuel oil. The
esults obtained show that while Brazil was a net energy im-
orter over the period 1970–1979, it turned into a substantial
et energy exporter between 1980–1993. The study by Machado
nd Schaeffer (1997) estimates the evolution of energy embodied
n Brazilian industrial exports over the period 1995–2015 under
ifferent scenarios. They conclude that there is a tradeoff be-
ween the effectiveness of those measures aimed at improving
n efficient energy use and the growth of the exports of energy-
ntensive goods. Machado et al. (2001) employ IOA in hybrid
nits to assess the impact on total energy embodied in Brazilian
xports on CO2 emissions in 1995. They highlight that Brazil is
ot only a net exporter of embodied energy but also that each
ollar earned with exports embodied more energy and more
6329carbon than each dollar spent on imports. In a complementary
way, the analysis of energy and carbon embodied in Brazilian in-
ternational trade conducted by Tolmasquim and Machado (2003)
reveals that the energy and CO2 embodied in Brazilian exports are
concentrated in some energy-intensive industries like pulp and
paper, iron and steel, non-ferrous metals, non-metal minerals,
chemicals, mining and quarrying products and food and bever-
ages. Montoya et al. (2014) constructed an input–output model
in hybrid units starting from the 2008 input–output matrix of
Brazil. Arbex and Perobelli (2010) combine IOA with a growth
model to simulate energy consumption in eleven industries in
Brazil. In a similar way, Carvalho et al. (2015, 2016) combine IOA
with multi-objective models to analyze the tradeoffs between the
maximization of production and employment and the minimiza-
tion of energy consumption and emissions in Brazil. An inverse
relationship between these two objectives is found.
Rather than on industries, some studies put the emphasis on
the energy use of households. Thus, Cohen et al. (2005) examine
total energy requirements of Brazilian households in 1995–1996.
As expected, they point out the existence of a positive relation-
ship between energy use and income level. However, compared
to other countries, mobility accounts for larger share of total en-
ergy requirements. Achão and Schaeffer (2009) analyze the evo-
lution of residential electricity consumption by Brazilian house-
holds over the period 1980–2007, highlighting the importance of
social programs to reduce regional disparities. In this sense, we
can note that in a comparative study of Australia, Brazil, Den-
mark, India and Japan, Lenzen et al. (2006) employ multivariate
analysis to examine the importance of socio-demographic charac-
teristics on household energy requirements. They find three key
explanatory variables for energy requirements in Brazil, namely,
expenditure, education and household size. Sanches-Pereira et al.
























































2016) examine the evolution of Brazilian residential energy con-
umption and its impact on emissions over the period 2000–2013,
nderlying again the importance of regional disparities. More
ecently, Abrahão and Souza (2021) analyze the drivers of Brazil’s
esidential electricity consumption. They conclude that income
oes not have a clear impact on consumption in hot climate
egions and that consumption decreases with age.
Wachsmann et al. (2009) examine changes in energy use of
razilian industries and households over the period 1970–1996
sing SDA. They conclude that changes in energy use in Brazil
ere mainly driven by changes in affluence, the number of people
nd intersectoral dependencies. de Freitas and Kaneko (2011) go
eyond energy use, and by applying SDA, estimate the impact of
nergy consumption on emissions in Brazil over the period 1970–
009. They find that economic activity and demographic growth
re the main drivers of emissions and that households play a
inor role compared to industries. More recently, Montoya et al.
2021) examine the impact on emissions of renewable and non-
enewable energy embodied in international trade. Their results
how that Brazilian exports contribute to reduce world emissions
s 39.4% of emissions embodied in exports have their origin in
enewable energy.
None of the studies mentioned above differentiate between
he domestic and foreign origin of the energy used at the industry
evel. To trace total energy use of a specific industry it is neces-
ary to include the energy embodied in intermediate inputs. In
ddition, it is important to distinguish whether the energy used
s produced in the own country or in the rest of the world. In
he following section we describe the data and the methodology
mployed.
. Data and methodology
.1. Data
Nowadays, various MRIO databases are available with different
egional and sectoral classifications, such as the Eora database
Lenzen et al., 2012, 2013), the World Input–Output Database
WIOD) (Timmer et al., 2015, 2016), the Global Trade Analy-
is Program (GTAP) database (Aguiar et al., 2019), EXIOBASE
Stadler et al., 2018; Wood et al., 2018) which is a product of
he EXIOPOL project (Tukker et al., 2013), and the Organiza-
ion for Economic Co-operation and Development Inter-Country
nput–Output (OECD ICIO) database, which is based on the United
ations Uniform of the International Standard Industrial Classifi-
ation of All Economic Activities (ISIC) (OECD, 2018). In this paper
e employ the Eora database, and more concretely its version
998.82, that include a high number of countries (189) and has
sectoral coverage of 26 sectors (Eora, 2019). In difference with
ther databases, Eora’s guiding principle is to avoid transforma-
ions of the original raw data as much as possible for the sake
f transparency (Lenzen et al., 2013). Concerning energy data,
nergy flows were expressed in Terajoules (TJ) by using energy
ata from the IEA (IEA, 2020a).
.2. Methodology
The IO model for a single country was introduced by Leontief
n 1936 (Leontief, 1936) and environmentally extended in the
970s (Leontief, 1970). In this model the total output required by
ountry r to satisfy a certain final demand is expressed as follows:
r
= Arxr + yr , (1)
where xr is a vector of sectoral outputs in country r; Ar is a
matrix of intermediate consumptions representing the industry
6330requirements to produce one unit of output; and yr is the final
demand vector in country r.
Since imports are usually required to produce exports, direct
energy use does not reflect the total energy use. In order to es-
timate total energy use, it is necessary to incorporate the energy
used to produce exports. Thus, as an extension of the economic
MRIO table, an energy use MRIO table can be built starting from
the monetary flows and the energy resources of Brazil aggregated
into n countries and k sectors. Table 3 shows the structure of the
energy use MRIO table.
The energy use MRIO table is composed of five major blocks:
the intermediate uses block, the final demand block, the value-
added block, the output block, and the energy use block. Output
can be obtained by adding intermediate uses and final demand
or by adding intermediate uses and value added. All these blocks
can be written in matrix or vector form.
In the intermediate uses matrix, Z sr , each element zsrij shows
he intermediate uses from industry i in country s to industry j
n country r. In the final demand matrix, Y sr , each element ysri
represents the final goods from industry i in country s to satisfy
the final demand in country r. In the value-added vector, vs, each
element vsj shows the value added generated in industry j in
country s. The output vector, xs, each element xsj shows the output
of industry j in country s. Finally, in the energy use vector, es, each
element esj shows the energy use of industry j in country s.
We can construct an intermediate consumption matrix Asr
by dividing the intermediate uses matrix Z sr by a diagonalized
output vector x̂r as follows:





Each element asrij of the matrix A
sr shows the intermediate inputs
from industry i in country s necessary to produce one unit of
output in industry j in country r.









where xs is a vector of sectoral outputs in economy s; Asr is a
matrix of intermediate consumptions; and ysr is the final demand
vector from economy s to r.





where B ≡ (I − A)−1 is the Leontief inverse matrix. Matrix Bst
shows the amount of output in a producing country s required for
a one-unit increase in the final demand in destination country r.
To estimate the total (direct plus indirect) energy use, we need
to construct the energy use vector es in the same manner as we






)′ (x̂)−1 . (5)
where εs is a vector of direct energy use in country s. Each
element esj of vector e
s shows the direct energy use per unit of
output in industry j of country s.
The total energy use (Esr ) of country s from country r can
be obtained by pre-multiplying Eq. (4) by the direct energy con-







The Leontief inverse matrix B can be decomposed into two matri-
ces: Bd, which represents the domestic sectoral relationships, and
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Ba which accounts for the sectoral relationships with the rest of
the world.
B = Bd + Ba (7)
The final demand Y can also be decomposed into two matrices:
Y d, which represents the domestic final demand, and Y f which
represents the final demand from the rest of the world.
Y = Y d + Y f (8)









If we use the decomposition of energy use associated to final










The first term Eddi0 shows the domestic use of energy produced
domestically. The second term represents Edai0 the domestic use of
energy produced abroad. The third term E fdi0 captures the foreign
use of energy produced domestically. Finally, the fourth term E fai0
comprises the foreign use of energy produced abroad. In our case,
each of the four terms of Eq. (10) can described as follows:
































he methodology described is summarized in Table 4.
. Results and discussion
Once described the methodology employed, as a preliminary
tep before entering into the analysis of total energy use, we6331examine the evolution experienced by energy production, energy
exports and energy imports in Brazil over the period 1995–2019
(IEA, 2020b). Fig. 1 also shows the apparent energy consumption,
that is, the sum of energy production plus energy imports minus
energy exports (Deardorff, 2014).
As can be noticed, energy production increased substantially
over the period 1995–2019. On average, it grew at annual rate
higher than 4%. The increase in energy imports was much more
modest. On average, energy imports grew at annual rate of 1.2%.
In contrast, the pace of growth of exports was much higher:
17.6%. These figures confirm the ascending role of Brazil as net
energy exporter as well as its growing self-sufficiency in energy
use terms: apparent energy consumption was lower than energy
production in the last two years.
The trends shown by exports and imports can be explained
by the increases or reductions in the international trade of cer-
tain energy sources. For instance, Brazilian energy imports are
mainly composed of fossil sources and imports of some of these
sources, like crude, NGL and feedstocks, experienced a severe
drop between 1995 and 2019.
After describing the recent changes in energy production, ex-
ports, and imports, we focus on the changes experienced by total
energy use in Brazil. Conventional analyses on energy use focus
on the direct energy use by industries. Fig. 2 shows the evolu-
tion of total energy use between 1995 and 2015, distinguishing
between direct energy use and indirect energy use.
Overall, total energy use experienced a substantial growth
over the period examined: it increased at annual average rate
close to 3%. As expected, most of total energy use was indirect.
In addition, the annual average growth rate of indirect energy
use was slightly higher than the rate of direct energy use (3%
compared to 2.7%). As a result, the changes in the contribution
of direct and indirect use to total energy use were very low:
only one percentage point. Thus, while in 1995 direct energy use
accounted for 27% of total energy use and indirect energy use for
73%, the participations in 2015 were 26% and 74%, respectively.
According to Wachsmann et al. (2009), the importance of Brazil’s
indirect energy use can be explained, among other factors, by
the increasing complexity of production processes, the rise of
mechanization and the development of global value chains.
Entering into the domestic or foreign origin of total energy
use, Fig. 3 reports the evolution of total energy use in Brazil
distinguishing between the four components described above:
total energy used and produced in Brazil (DU-PD), total energy
used in Brazil but produced abroad (DU-PA), total energy used
abroad but produced in Brazil (FU-PD) and total energy used and
produced abroad (FU-PA).


























By multiplying the different B and Y matrices by the e vector we obtain the
total energy use (E) which can be decomposed into four terms
E = Edd + Eda + E fd + E fa
where:
Energy used and produced in the country (Edd)
Energy used in the country but produced abroad (Eda)
Energy produced in the country but used abroad (E fd)








world (Y f )Fig. 1. Evolution of production, exports, and imports of energy in Brazil, 1995–2019.Fig. 2. Evolution of total energy use in Brazil, 1995–2019.As can be noticed, most of total energy is used in Brazil.
owever, over the period analyzed, the share of energy used
broad grew substantially, from 3.7% in 1995 to 6.1% in 2015.
his increase in the share of foreign energy use was explained
y the faster pace of growth of foreign energy use compared to
omestic energy use. Thus, while domestic energy use grew at
nnual average rate of 2.8%, the average annual growth rate of
oreign energy use was more than double, 6%.
Concerning to the origin of the total energy used, that is,
hether it is produced in the country or abroad, we have to note
hat, while the share of the energy used in Brazil but produced
broad remained quite stable over the period, there was a sub-
tantial increase in the share of the energy produced in Brazil
ut used abroad (that grew from 3.2% of the total energy use in
995 to 5% in 2015). In contrast, the share of the energy used
nd produced in Brazil diminished from 83.3% in 1995 to 80.6%
n 2015. In their recent analysis of the largest 136 economies over
6332the period 2000–2015, Shepard and Pratson (2020) find that, on
average, 23% of world trade in embodied energy in place between
countries that do not have apparent energy trade. This reflects a
growing dependence on foreign energy systems that have some
benefits in terms of security, as energy disruptions in one specific
supply chain will have a low impact on the economy.
Turning to analysis of total energy use at the industry level,
Fig. 4 shows the shares of the four components of total energy
use (DU-PD, DU-PA, FU-PD and FU-PA) by industry in 1995, 2002,
2008 and 2015. The list of industries is reported in Appendix.
As can be seen, the three greatest energy user industries were
19 Transport, 4 Food & Beverages, and 13 Electricity, Gas, and
Water. These three industries accounted for 37% of total energy
use in Brazil in 2015. In addition, we have to note that, over
the years examined, their share in total energy use remained
stable. In contrast, the fourth highest energy user industry, 7
M. Rodríguez, J.A. Camacho, L.S. Almeida et al. Energy Reports 7 (2021) 6327–6337Fig. 3. Evolution of domestic and foreign energy use in Brazil, 1995–2015.Fig. 4. Evolution of domestic and foreign energy use by industry in Brazil, 1995–2015.Petroleum, Chemical, and Non-Metallic Mineral Products, dimin-
ished its share in total energy use from 11.5% in 1995 to 9.3% in
2015.
At the opposite end of the scale, we find three industries from
the service sector: 15 Maintenance and Repair, 16 Wholesale
Trade, and 17 Retail Trade. We have to note, however, the ex-
istence of very different patterns among the service industries.
Thus, both the greatest increase and the greatest drop in the
share in total energy use were reported by services industries.
In particular, the strongest rise was reported by 23 Education,
Health and Other Services and the most severe drop by 22 Public
Administration. These results are in line with previous analyses
on total energy use in Brazil conducted at the sectoral level. Thus,
Wachsmann et al. (2009) found that the major contributor to the
changes in energy use of Brazil over the period 1970–1996 were
manufacturing, construction and transport while the contribution
of the service sector was more modest. The most recent study by
Montoya et al. (2021) confirms that industry and services were
the aggregates with the greatest energy footprint in Brazil.
Concerning the distinction between domestic and foreign ori-
gin of the energy used, we can observe the existence of some6333common features among those industries that are the top en-
ergy users. Thus, in 19 Transport, 4 Food & Beverages, and 13
Electricity, Gas, and Water, the importance of the energy used
and produced in Brazil was much higher than the average in
2015 (85.6%, 84.5% and 94.5%, respectively, compared to 80.6%).
In contrast, the domestic use of energy produced abroad was
below the average in 2015 (5.4%, 9.6% and 5.4%, respectively,
compared to 13.3%). In other words, strong energy users are
highly dependent on domestic energy production.
We can highlight the existence of other industries where the
domestic use of energy produced abroad plays a key role. These
are the industries of 5 Textiles and Wearing Apparel, 9 Electrical
and Machinery, 10 Transport Equipment and 14 Construction.
In these four industries the domestic use of energy produced
abroad accounted for more than 20% of their total energy use
in 2015. Some of these industries are characterized by a poor
competitiveness and a low degree of integration in global value
chains (Callegari et al., 2018; Hollweg and Rocha, 2018). Thus, as
Hollweg and Rocha (2018) note in their study of Brazil in global




























































alue chains, Brazil has a very weak performance in the indus-
ries of Textiles and Wearing Apparel and Electrical Machinery,
eporting very low revealed comparative advantages.
. Conclusions
Recent data from the IEA reveal that Brazil is becoming self-
ufficient in energy terms. Its energy exports have risen to the
oint of surpassing the sum of apparent energy consumption. The
im of this paper was to examine the evolution of total energy use
y Brazilian industries over the period 1995–2015. In difference
ith previous works, we distinguish between the domestic and
oreign origin of the total energy used.
The results obtained show a growing importance of the total
nergy produced in Brazil but used abroad. This confirms the key
ole of Brazil as world energy provider. The Brazilian production
ystem concentrates its energy use on energy that has a national
rigin. However, over the last years there was a substantial in-
rease in the energy used for exports. Thus, the pace of growth of
he foreign use of energy more than doubled the average growth
f the domestic use of energy during the years 1995–2015.
From a sectoral perspective, three industries: 19 Transport,
Food & Beverages, and 13 Electricity, Gas, and Water, were
ound to be the major energy users. These three industries were
haracterized by an intensive use of energy produced in the own
ountry. In contrast, some service industries, like 15 Maintenance
nd Repair, 16 Wholesale Trade and 17 Retail Trade, were found
o be the weakest energy users.
The dependence of certain activities from global value chains
nd external trade was reflected into a rising importance of the
omestic use of energy produced abroad. This was the case of
Textiles and Wearing Apparel, 9 Electrical and Machinery, 10
ransport Equipment and 14 Construction.
In brief, we can affirm that to estimate the total energy use of
he different industries and to identify the origin of the energy
sed is essential for an adequate formulation of energy policies.
he production system is a key agent to achieve the transition
o more socially and environmentally sustainable energy systems.
onetheless, it is necessary to take into account that he industries
hat compose the production system show different energy use
atterns. In the case of Brazil, for one part, we found that a
educed group of industries accounts for most of the domestic
se of energy produced in Brazil. Sectoral measures, like fostering
he introduction of efficient and clean technologies, should be
imed at this specific group of industries. For the other part, we
dentified the existence of some industries that are increasing
eliant of energy produced abroad. This fact extends the problem
f mitigation of energy related GHG emission from the national
o the global level. To ensure the sustainability of the energy
ystem it is necessary to enhance the energy efficiency across the
ifferent global supply chains.
Obviously, our study has limitations. First, as was noted in the
ntroduction, there is considerable time lag in the release of MRIO
ables and MRIO models assume hypotheses on homogeneity,
roportionality, and imports. Updated MRIO tables could show
more actual picture of total energy use. Second, energy con-
ersion efficiencies could be incorporated to deal with secondary
nergy production. In addition, sectoral disaggregation is not
etailed enough to capture the heterogeneity of products within
he different industries. In this sense, the use of commodity-by-
ndustries energy models could be useful in this sense. We also
ave to note that we have not included household energy use. It
lso would be interesting to identify the major embodied energy
artners. All these issues should be object of study in future
orks.6334Table A.1
List of the 26 industries included in the Eora database.




Mining and quarrying 3
Food & beverages 4
Textiles and wearing apparel 5
Wood and paper 6
Petroleum, chemical and non-metallic mineral products 7
Metal products 8




Electricity, gas and Water 13
Construction 14
Maintenance and repair 15
Wholesale trade 16
Retail trade 17
Hotels and restaurants 18
Transport 19
Post and telecommunications 20
Financial intermediation and business activities 21
Public administration 22
Education, health and other services 23
Private households 24
Others 25
Re-export & re-import 26
CRediT authorship contribution statement
Mercedes Rodríguez: Visualization, Writing – review & edit-
ng. José A. Camacho: Conceptualization, Methodology, Super-
ision, Funding acquisition. Lucas da Silva Almeida: Writing –
original draft, Investigation, Validation. Jesús Molina: Software,
Data curation.
Declaration of competing interest
The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgments
We thank support from the project ‘‘Adaptation to sustainable
energy transition in Europe: Environmental, socio-economic and
cultural aspects (ADAPTAS)’’ as part of the funding for this re-
search. (Ministry of Economy, Industry, and Competitiveness and
State Research Agency of Spain, and European Regional Develop-




Abrahão, K.C. de F.J., Souza, R.V.G. de, 2021. What has driven the growth of
Brazil’s residential electricity consumption during the last 19 years? An index
decomposition analysis. Ambient. Construido 21 (2), 7–39. http://dx.doi.org/
10.1590/s1678-86212021000200513.
Achão, C., Schaeffer, R., 2009. Decomposition analysis of the variations in
residential electricity consumption in Brazil for the 1980–2007 period:
Measuring the activity, intensity and structure effects. Energy Policy 37 (12),
5208–5220. http://dx.doi.org/10.1016/j.enpol.2009.07.043.
Adelman, M.A., 1990. The 1990 oil shock is like the others. Energy J. 11 (4),
1–13. http://dx.doi.org/10.5547/ISSN0195-6574-EJ-Vol11-No4-1.























guiar, A., Chepeliev, M., Corong, E.L., et al., 2019. The GTAP data base: Version
10. J. Glob. Econ. Anal. 4 (1), 1–27. http://dx.doi.org/10.21642/JGEA.040101A.
ng, B., 2004. Decomposition analysis for policymaking in energy. Energy Policy
32 (9), 1131–1139. http://dx.doi.org/10.1016/S0301-4215(03)00076-4.
rbex, M., Perobelli, F.S., 2010. Solow meets Leontief: Economic growth and
energy consumption. Energy Econ. 32 (1), 43–53. http://dx.doi.org/10.1016/
j.eneco.2009.05.004.
ydin, G., 2014a. Production modeling in the oil and natural gas industry:
An application of trend analysis. Pet. Sci. Technol. 32 (5), 555–564. http:
//dx.doi.org/10.1080/10916466.2013.825271.
ydin, G., 2014b. The modeling and projection of primary energy consumption
by the sources. Energy Sources B 10 (1), 67–74. http://dx.doi.org/10.1080/
15567249.2013.771716.
ydin, G., 2015a. Forecasting natural gas production using various regression
models. Pet. Sci. Technol. 33 (15–16), 1486–1492. http://dx.doi.org/10.1080/
10916466.2015.1076842.
ydin, G., 2015b. The application of trend analysis for coal demand modeling.
Energy Sources B 10 (2), 183–191. http://dx.doi.org/10.1080/15567249.2013.
813611.
ydin, G., I, Karakurt, Aydiner, K., 2012. Analysis and mitigation opportunities
of methane emissions from the energy sector. Energy Sources A 34 (11),
967–982. http://dx.doi.org/10.1080/15567031003716725.
zadeh, A., Tarverdian, S., 2007. Integration of genetic algorithm, computer
simulation and design of experiments for forecasting electrical energy
consumption. Energy Policy 35 (10), 5229–5241. http://dx.doi.org/10.1016/
J.ENPOL.2007.04.020.
anday, U.J., Aneja, R., 2020. Renewable and non-renewable energy consumption,
economic growth and carbon emission in BRICS. Int. J. Energy Sect. Manag.
14 (1), 248–260. http://dx.doi.org/10.1108/IJESM-02-2019-0007.
astidas, D., Mc Isaac, F., 2019. Reaching Brazil’s nationally determined contribu-
tions: An assessment of the key transitions in final demand and employment.
Energy Policy 135 (110983), 1–12. http://dx.doi.org/10.1016/j.enpol.2019.
110983.
hat, J.A., 2018. Renewable and non-renewable energy consumption—impact on
economic growth and CO2 emissions in five emerging market economies.
Environ. Sci. Pollut. Res. 25 (35), 35515–35530. http://dx.doi.org/10.1007/
s11356-018-3523-8.
Binder, D., 1974. The energy crisis, the environment and the consumer: A
Solomonian task. Ohio North. Univ. Law Rev. 1 (2), 215–333, Available
at: https://heinonline.org/HOL/P?h=hein.journals/onulr1&i=227. (Accessed 20
February 2020).
BP, 2021. Statistical Review of World Energy 2021, seventieth ed. Available
at https://www.bp.com/en/global/corporate/energy-economics/statistical-
review-of-world-energy.html. (Accessed 17 August 2021).
Bullard, C.W., Herendeen, R.A., 1975a. Energy impact of consumption decisions.
Proc. IEEE 63 (3), 484–493. http://dx.doi.org/10.1109/PROC.1975.9775.
Bullard, C.W., Herendeen, R.A., 1975b. The energy cost of goods and services. En-
ergy Policy 3 (4), 268–278. http://dx.doi.org/10.1016/0301-4215(75)90035-
X.
Bullard, C.W., Penner, P.S., Pilati, D.A., 1978. Net energy analysis: Handbook for
combining process and input–output analysis. Resour. Energy 1 (3), 267–313.
http://dx.doi.org/10.1016/0165-0572(78)90008-7.
Callegari, J., Melo, T.M., Carvalho, C.E., 2018. The peculiar insertion of Brazil
into global value chains. Rev. Dev. Econ. 22, 1321–1342. http://dx.doi.org/
10.1111/rode.12386.
Carvalho, A.L. de, Antunes, C.H., Freire, F., et al., 2015. A hybrid input–output
multi-objective model to assess economic–energy–environment trade-offs in
Brazil. Energy 82, 769–785. http://dx.doi.org/10.1016/j.energy.2015.01.089.
Carvalho, N.B., Berrêdo Viana, D., Muylaert de Araújo, M.S., et al., 2020. How
likely is Brazil to achieve its NDC commitments in the energy sector? A
review on Brazilian low-carbon energy perspectives. Renew. Sustain. Energy
Rev. 133 (110343), 1–13. http://dx.doi.org/10.1016/j.rser.2020.110343.
Carvalho, A.L. de, Henggeler Antunes, C., Freire, F., et al., 2016. A multi-objective
interactive approach to assess economic-energy-environment trade-offs in
Brazil. Renew. Sustain. Energy Rev. 54, 1429–1442. http://dx.doi.org/10.1016/
j.rser.2015.10.064.
Chen, Z.M., Chen, G.Q., 2011. An overview of energy consumption of the
globalized world economy. Energy Policy 39 (10), 5920–5928. http://dx.doi.
org/10.1016/j.enpol.2011.06.046.
Chen, Z.-M., Chen, G.Q., 2013. Demand-driven energy requirement of world
economy 2007: A multi-region input–output network simulation. Commun.
Nonlinear Sci. Numer. Simul. 18 (7), 1757–1774. http://dx.doi.org/10.1016/j.
cnsns.2012.11.004.
Chen, S., Kharrazi, A., Liang, S., et al., 2020. Advanced approaches and appli-
cations of energy footprints toward the promotion of global sustainability.
Appl. Energy 261 (114415), 1–9. http://dx.doi.org/10.1016/j.apenergy.2019.
114415.
Chen, B., Li, J.S., Wu, X.F., et al., 2018. Global energy flows embodied in
international trade: A combination of environmentally extended input–
output analysis and complex network analysis. Appl. Energy 210, 98–107.
http://dx.doi.org/10.1016/j.apenergy.2017.10.113.6335Chen, Y.-H.H., Timilsina, G.R., Landis, F., 2013. Economic implications of reduc-
ing carbon emissions from energy use and industrial processes in Brazil.
J. Environ. Manag. 130, 6–446. http://dx.doi.org/10.1016/j.jenvman.2013.08.
049.
Chen, G.Q., Wu, X.F., 2017. Energy overview for globalized world economy:
Source, supply chain and sink. Renew. Sustain. Energy Rev. 69, 735–749.
http://dx.doi.org/10.1016/j.rser.2016.11.151.
Chen, G.Q., Wu, X.D., Guo, J., et al., 2019. Global overview for energy use of
the world economy: Household-consumption-based accounting based on the
world input–output database (WIOD). Energy Econ. 835–847. http://dx.doi.
org/10.1016/j.eneco.2019.05.019.
Cohen, C., Lenzen, M., Schaeffer, R., 2005. Energy requirements of households in
Brazil. Energy Policy 33 (4), 555–562. http://dx.doi.org/10.1016/j.enpol.2003.
08.021.
Deardorff, A.V., 2014. Terms of Trade: Glossary of International Economics,
second ed. WORLD SCIENTIFIC, http://dx.doi.org/10.1142/8847.
Eora, 2019. The Eora Global Supply Chain Database. KGM & Associates, Available
at: https://worldmrio.com/. (Accessed 30 March 2020).
Feng, Y.Y., Zhang, L.X., 2012. Scenario analysis of urban energy saving and carbon
abatement policies: A case study of Beijing city, China. Procedia Environ. Sci.
1363, 2–644. http://dx.doi.org/10.1016/J.PROENV.2012.01.055.
de Freitas, L.C., Kaneko, S., 2011. Decomposition of CO2 emissions change from
energy consumption in Brazil: Challenges and policy implications. Energy
Policy 39 (3), 1495–1504. http://dx.doi.org/10.1016/j.enpol.2010.12.023.
Ghasemi-Mobtaker, H., Mostashari-Rad, F., Saber, Z., et al., 2020. Application
of photovoltaic system to modify energy use, environmental damages and
cumulative exergy demand of two irrigation systems-A case study: Barley
production of Iran. Renew. Energy 160, 1316–1334. http://dx.doi.org/10.
1016/J.RENENE.2020.07.047.
Goldstein, B., Birkved, M., Quitzau, M.-B., et al., 2013. Quantification of urban
metabolism through coupling with the life cycle assessment framework:
Concept development and case study. Environ. Res. Lett. 8 (3), 1–14. http:
//dx.doi.org/10.1088/1748-9326/8/3/035024.
Gurgel, A.C., Paltsev, S., Breviglieri, G.V., 2019. The impacts of the Brazilian NDC
and their contribution to the Paris agreement on climate change. Environ.
Dev. Econ. 24 (04), 395–412. http://dx.doi.org/10.1017/S1355770X1900007X.
Gyamfi, B.A., Adedoyin, F.F., Bein, M.A., et al., 2021. The anthropogenic con-
sequences of energy consumption in E7 economies: Juxtaposing roles of
renewable, coal, nuclear, oil and gas energy: Evidence from panel quan-
tile method. J. Clean. Prod. 295 (126373), 1–11. http://dx.doi.org/10.1016/j.
jclepro.2021.126373.
Hannon, B., 2010. The role of input–output analysis of energy and ecologic
systems: In the early development of ecological economics - A personal
perspective. Ann. New York Acad. Sci. 1185 (1), 30–38. http://dx.doi.org/10.
1111/j.1749-6632.2009.05165.x.
Harun, M., Ahmad, S.A., Sulaiman, N., et al., 2021. Sectoral energy-CO2 emissions
using an environmental input-output framework. Int. J. Bus. Soc. 22 (2),
1066–1075. http://dx.doi.org/10.33736/ijbs.3782.2021.
Hastuti, S.H., Hartono, D., Putranti, T.M., et al., 2021. The drivers of energy-related
CO2 emission changes in Indonesia: Structural decomposition analysis. En-
viron. Sci. Pollut. Res. 28 (8), 9965–9978. http://dx.doi.org/10.1007/s11356-
020-11414-7.
erendeen, R.A., 1973. An Energy Input-Output Matrix for the United States.
1963: User’s Guide. University of Illinois, Available at: https://scholar.google.
com/scholar_lookup?. (Accessed 20 February 2020).
erendeen, R.A., 1978. Input–output techniques and energy cost of commodi-
ties. Energy Policy 6 (2), 162–165. http://dx.doi.org/10.1016/0301-4215(78)
90039-3.
erendeen, R.A., 2004. Energy analysis and EMERGY analysis—A comparison.
Ecol. Model. 178 (1–2), 227–237. http://dx.doi.org/10.1016/j.ecolmodel.2003.
12.017.
oekstra, R., van den Bergh, J.C.J.M., 2003. Comparing structural decomposition
analysis and index. Energy Econ. 25 (1), 39–64. http://dx.doi.org/10.1016/
S0140-9883(02)00059-2.
ollweg, C.H., Rocha, N., 2018. GVC Participation and Deep Integration in Brazil
(No. 8646), Policy Research Working Paper. World Bank, Washington, DC,
Washington, D.C., http://dx.doi.org/10.1596/1813-9450-8646.
BGE, 2020. Contas nacionais. Instituto Brasileiro de Geografia e Estatís-
tica, Available at: https://www.ibge.gov.br/estatisticas/economicas/contas-
nacionais.html. (Accessed 21 December 2020).
EA, 2019. World energy outlook 2019. Available at: www.iea.org/weo. (Accessed
18 August 2021).
EA, 2020a. Data & statistics - International energy agency. Available at: https:
//www.iea.org/data-and-statistics (Accessed 11 February 2020).
EA, 2020b. World Energy Balances Highlights, two thousand and twentieth
ed. International Energy Agency, Available at: https://www.iea.org/subscribe-
to-data-services/world-energy-balances-and-statistics. (Accessed 4 February
2021).
EA, 2020c. World energy outlook 2020. Available at: https://www.iea.org/
reports/world-energy-outlook-2020. (Accessed 18 August 2021).























PEA, 2020. Base de dados macrocoeconômica, regional e social. Instituto
de Pesquisa Econômica Aplicada, Available at: http://www.ipeadata.gov.br/
Default.aspx. (Accessed 21 December 2020).
hanali, M., Akram, A., Behzadi, J., et al., 2021. Multi-objective optimization
of energy use and environmental emissions for walnut production using
imperialist competitive algorithm. Appl. Energy 284 (116342), 1–19. http:
//dx.doi.org/10.1016/J.APENERGY.2020.116342.
harrazi, A., Kraines, S., Hoang, L., et al., 2014. Advancing quantification methods
of sustainability: A critical examination emergy, exergy, ecological footprint,
and ecological information-based approaches. Ecol. Indic. 37 (PART A), 81–89.
http://dx.doi.org/10.1016/j.ecolind.2013.10.003.
im, T.-J., Tromp, N., 2021. Carbon emissions embodied in China-Brazil trade:
Trends and driving factors. J. Cleaner Prod. 293 (126206), 1–12. http://dx.
doi.org/10.1016/j.jclepro.2021.126206.
öberle, A.C., Rochedo, P.R.R., Lucena, A.F.P., et al., 2020. Brazil’s emission
trajectories in a well-below 2 ◦C world: The role of disruptive technologies
versus land-based mitigation in an already low-emission energy system.
Clim. Change 162 (4), 1823–1842. http://dx.doi.org/10.1007/s10584-020-
02856-6.
öne, A.I., Büke, T., 2010. Forecasting of CO2 emissions from fuel combustion
using trend analysis. Renew. Sustain. Energy Rev. 14 (9), 2906–2915. http:
//dx.doi.org/10.1016/J.RSER.2010.06.006.
ampreia, J., de Araújo, M.S.M., de Campos, C.P., et al., 2011. Analyses and
perspectives for Brazilian low carbon technological development in the
energy sector. Renew. Sustain. Energy Rev. 15 (7), 3432–3444. http://dx.doi.
org/10.1016/j.rser.2011.04.022.
an, J., Malik, A., Lenzen, M., et al., 2016. A structural decomposition analysis
of global energy footprints. Appl. Energy 163, 436–451. http://dx.doi.org/10.
1016/j.apenergy.2015.10.178.
ee, Y.-M., Tzeng, Y.-E., 2008. Development and life-cycle inventory analysis of
wind energy in Taiwan. J. Energy Eng. 134 (2), 53–57. http://dx.doi.org/10.
1061/(ASCE)0733-9402(2008)134:2(53).
efèvre, J., Wills, W., Hourcade, J.-C., 2018. Combining low-carbon economic
development and oil exploration in Brazil? An energy–economy assessment.
Clim. Policy 18 (10), 1286–1295. http://dx.doi.org/10.1080/14693062.2018.
1431198.
enzen, M., Kanemoto, K., Moran, D., et al., 2012. Mapping the structure of the
world economy. Environ. Sci. Technol. 46 (15), 8374–8381. http://dx.doi.org/
10.1021/es300171x.
enzen, M., Moran, D., Kanemoto, K., et al., 2013. Building eora: A global multi-
region input–output database at high country and sector resolution. Econ.
Syst. Res. 25 (1), 20–49. http://dx.doi.org/10.1080/09535314.2013.769938.
enzen, M., Wier, M., Cohen, C., et al., 2006. A comparative multivariate analysis
of household energy requirements in Australia, Brazil, Denmark, India and
Japan. Energy 31 (2–3), 181–207. http://dx.doi.org/10.1016/j.energy.2005.01.
009.
eontief, W.W., 1936. Quantitative input and output relations in the economic
systems of the United States. Rev. Econ. Stat. 18 (3), 105–125. http://dx.doi.
org/10.2307/1927837.
eontief, W.W., 1970. Environmental repercussions and the economic structure:
An input-output approach. Rev. Econ. Stat. 52, 262–271. http://dx.doi.org/10.
2307/1926294.
ima, M.A., Mendes, L.F.R., Mothé, G.A., et al., 2020. Renewable energy in reduc-
ing greenhouse gas emissions: Reaching the goals of the Paris agreement in
Brazil. Environ. Dev. 33 (100504), 1–13. http://dx.doi.org/10.1016/j.envdev.
2020.100504.
ucena, A.F.P., Clarke, L., Schaeffer, R., et al., 2016. Climate policy scenarios in
Brazil: A multi-model comparison for energy. Energy Econ. 56, 564–574.
http://dx.doi.org/10.1016/j.eneco.2015.02.005.
achado, G.V., Schaeffer, R., 1997. Patterns of energy use in the Brazil-
ian economy: Can the profile of Brazilian exports determine the future
energy efficiency of its industry? In: Summer Study on Energy Effi-
ciency in Industry: How Industry Will Procure Energy Efficiency Services
in the 21st Century. ACEEE, Washington, DC (United States), pp. 173–
184, Available at: https://www.aceee.org/files/proceedings/1997/data/papers/
SS97_Panel1_Paper15.pdf. (Accessed 28 January 2021).
achado, G., Schaeffer, R., Worrell, E., 2001. Energy and carbon embodied in
the international trade of Brazil: An input–output approach. Ecol. Econom.
39 (3), 409–424. http://dx.doi.org/10.1016/S0921-8009(01)00230-0.
arconi, N., Rocha, I.L., Magacho, G.R., 2016. Sectoral capabilities and productive
structure: An input–output analysis of the key sectors of the Brazilian
economy. Braz. J. Political Econ. 36 (3), 470–492. http://dx.doi.org/10.1590/
0101-31572016v36n03a02.
endes, L.F.R., Sthel, M.S., 2017. Thermoelectric power plant for compensation
of hydrological cycle change: Environmental impacts in Brazil. Case Stud.
Environ. 1 (1), 1–7. http://dx.doi.org/10.1525/cse.2017.000471.
iller, R.E., Blair, P.D., 2009. Input-Output Analysis: Foundations and Exten-
sions, second ed. Cambridge University Press, http://dx.doi.org/10.1017/
CBO9780511626982.6336Ministério de Minas e Energia, 2020a. Atlas of energy efficiency. Available at:
https://www.epe.gov.br/sites-en/publicacoes-dados-abertos/publicacoes/
PublicacoesArquivos/publicacao-221/Atlas_English_04_02_2021.pdf.
(Accessed 31 May 2021).
Ministério de Minas e Energia, 2020b. Brazilian energy balance - EPE.
Available at: https://www.epe.gov.br/en/publications/publications/brazilian-
energy-balance. (Accessed 1 June 2021).
Montoya, M.A., Allegretti, G., Sleimann Bertussi, L.A., et al., 2021. Renewable and
non-renewable in the energy-emissions-climate nexus: Brazilian contribu-
tions to climate change via international trade. J. Cleaner Prod. 312 (127700),
1–15. http://dx.doi.org/10.1016/j.jclepro.2021.127700.
Montoya, M.A., Lopes, R.L., Guilhoto, J.J.M., 2014. Desagregação setorial do
balanço energético nacional a partir dos dados da matriz insumo-produto:
Uma avaliação metodológica. Econ. Apl. 18 (3), 379–419. http://dx.doi.org/
10.1590/1413-8050/ea463.
Mostashari-Rad, F., Ghasemi-Mobtaker, H., Taki, M., et al., 2021. Exergoenviron-
mental damages assessment of horticultural crops using ReCiPe2016 and
cumulative exergy demand frameworks. J. Cleaner Prod. 278 (123788), 1–18.
http://dx.doi.org/10.1016/J.JCLEPRO.2020.123788.
Nabavi-Pelesaraei, A., Azadi, H., Van Passel, S., et al., 2021a. Prospects of solar
systems in production chain of sunflower oil using cold press method with
concentrating energy and life cycle assessment. Energy 223 (120117), 1–22.
http://dx.doi.org/10.1016/J.ENERGY.2021.120117.
Nabavi-Pelesaraei, A., Bayat, R., Hosseinzadeh-Bandbafha, H., et al., 2017. Mod-
eling of energy consumption and environmental life cycle assessment for
incineration and landfill systems of municipal solid waste management -
A case study in Tehran Metropolis of Iran. J. Cleaner Prod. 14842, 7–440.
http://dx.doi.org/10.1016/J.JCLEPRO.2017.01.172.
Nabavi-Pelesaraei, A., Rafiee, S., Hosseini-Fashami, F., et al., 2021b. Artificial neu-
ral networks and adaptive neuro-fuzzy inference system in energy modeling
of agricultural products. In: Predictive Modelling for Energy Management
and Power Systems Engineering. Elsevier, pp. 299–334. http://dx.doi.org/10.
1016/B978-0-12-817772-3.00011-2.
OECD, 2018. OECD inter-country input-output (ICIO) tables. Available at: https://
www.oecd.org/sti/ind/inter-country-input--output-tables.htm. (Accessed 26
March 2020).
Pehnt, M., 2006. Dynamic life cycle assessment (LCA) of renewable energy tech-
nologies. Renew. Energy 31 (1), 55–71. http://dx.doi.org/10.1016/j.renene.
2005.03.002.
Pereira, M.G., Camacho, C.F., Freitas, M.A.V., et al., 2012. The renewable energy
market in Brazil: Current status and potential. Renew. Sustain. Energy Rev.
16 (6), 3786–3802. http://dx.doi.org/10.1016/j.rser.2012.03.024.
Quesnay, F., 1758. Tableau economique. Available at: https://scholar.google.com/
scholar_lookup?. (Accessed 20 February 2020).
Sanches-Pereira, A., Tudeschini, L.G., Coelho, S.T., 2016. Evolution of the Brazilian
residential carbon footprint based on direct energy consumption. Renew.
Sustain. Energy Rev. 54, 184–201. http://dx.doi.org/10.1016/j.rser.2015.09.
024.
Schaeffer, R., de Sá, A., 1996. The embodiment of carbon associated with Brazilian
imports and exports. Energy Convers. Manage. 37 (6–8), 955–960. http:
//dx.doi.org/10.1016/0196-8904(95)00283-9.
Shepard, J.U., Pratson, L.F., 2020. Hybrid input–output analysis of embodied
energy security. Appl. Energy 279, http://dx.doi.org/10.1016/J.APENERGY.
2020.115806.
Stadler, K., Wood, R., Bulavskaya, T., et al., 2018. EXIOBASE 3: Developing a time
series of detailed environmentally extended multi-regional input-output
tables. J. Ind. Ecol. 22 (3), 502–515. http://dx.doi.org/10.1111/jiec.12715.
Su, B., Ang, B.W., 2020. Demand Contributors and Driving Factors of Singapore’s
Aggregate Carbon Intensities. Energy Policy 146 (111817), 1–9. http://dx.doi.
org/10.1016/j.enpol.2020.111817.
Su, B., Ang, B.W., Li, Y., 2019. Structural path and decomposition analysis
of aggregate embodied energy and emission intensities. Energy Econ. 83,
345–360. http://dx.doi.org/10.1016/j.eneco.2019.07.020.
Teixeira M.D. de, J., Nogueira, J.M., Imbroisi, D., et al., 2020. Strategic sectors for
greenhouse gas mitigation investment: Assessment based upon the Brazil’s
input–output matrix. Mitig. Adapt. Strateg. Glob. Change 25 (2), 261–283.
http://dx.doi.org/10.1007/s11027-019-09873-6.
Timmer, M.P., Dietzenbacher, E., Los, B., et al., 2015. An illustrated user guide to
the world input-output database: The case of global automotive production.
Rev. Int. Econ. 23 (3), 575–605. http://dx.doi.org/10.1111/roie.12178.
Timmer, M.P., Los, B., Stehrer, R., et al., 2016. An anatomy of the global
trade slowdown based on the WIOD 2016 release. In: GGDC Research
Memorandum. 162. University of Groningen, Available at: https://www.rug.
nl/ggdc/html_publications/memorandum/gd162.pdf. (Accessed 18 February
2020).
Tolmasquim, M.T., Machado, G., 2003. Energy and carbon embodied in the
international trade of Brazil. Mitig. Adapt. Strateg. Glob. Change 8 (2),
139–155. http://dx.doi.org/10.1023/A:1026013814547.
Tukker, A., de Koning, A., Wood, R., et al., 2013. EXIOPOL – development and
illustrative analyses of a detailed global MR EE SUT/IOT. Econ. Syst. Res. 25
(1), 50–70. http://dx.doi.org/10.1080/09535314.2012.761952.








achsmann, U., Wood, R., Lenzen, M., et al., 2009. Structural decomposition
of energy use in Brazil from 1970 to 1996. Appl. Energy 86 (4), 578–587.
http://dx.doi.org/10.1016/j.apenergy.2008.08.003.
an, X., Jiang, T., Li, S., et al., 2021. China’s carbon emissions structure and
reduction potential on the supply-side and demand-side of energy: Under
the background of four influencing factors. PLoS One 16 (8), 1–17. http:
//dx.doi.org/10.1371/journal.pone.0255387, e0255387.
ang, F., Gao, C., Ou, Q., 2021. Study on the measurement and the changing
trend of the energy use of China’s economic sectors: Based on cross-
region input–output model. Environ. Sci. Pollut. Res. 28 (5), 5296–5315.
http://dx.doi.org/10.1007/s11356-020-10776-2.
ang, Q., Yang, X., 2020. Imbalance of carbon embodied in South–South trade:
Evidence from China–India trade. Sci. Total Environ. 707 (134473), 1–17.
http://dx.doi.org/10.1016/j.scitotenv.2019.134473.
ang, Q., Zhou, Y., 2019. Imbalance of carbon emissions embodied in the
US-Japan trade: Temporal change and driving factors. J. Cleaner Prod. 237
(117780), 1–19. http://dx.doi.org/10.1016/j.jclepro.2019.117780.
ood, R., Stadler, K., Simas, M., et al., 2018. Growth in environmental footprints
and environmental impacts embodied in trade: Resource efficiency indicators
from EXIOBASE3. J. Ind. Ecol. 22 (3), 553–564. http://dx.doi.org/10.1111/jiec.
12735.
u, X.F., Chen, G.Q., 2017. Global primary energy use associated with production,
consumption and international trade. Energy Policy 111, 85–94. http://dx.doi.
org/10.1016/j.enpol.2017.09.024.6337Wu, X.D., Guo, J.L., Ji, X., et al., 2019b. Energy use in world economy from
household-consumption-based perspective. Energy Policy 127, 287–298.
http://dx.doi.org/10.1016/j.enpol.2018.12.005.
Wu, X.D., Guo, J.L., Li, C., et al., 2020. Carbon emissions embodied in the global
supply chain: Intermediate and final trade imbalances. Sci. Total Environ.
707, http://dx.doi.org/10.1016/J.SCITOTENV.2019.134670.
Wu, X.D., Guo, J.L., Meng, J., et al., 2019a. Energy use by globalized economy:
Total-consumption-based perspective via multi-region input–output ac-
counting. Sci. Total Environ. 662, 65–76. http://dx.doi.org/10.1016/j.scitotenv.
2019.01.108.
Zhang, Z., Xi, L., Bin, S., et al., 2019. Energy, CO2 emissions, and value added flows
embodied in the international trade of the BRICS group: A comprehensive
assessment. Renew. Sustain. Energy Rev. 116 (109432), 1–12. http://dx.doi.
org/10.1016/j.rser.2019.109432.
Zhang, Y., Yang, Z., Fath, B.D., et al., 2010. Ecological network analysis of an
urban energy metabolic system: Model development and a case study of
four Chinese cities. Ecol. Model. 221 (16), 1865–1879. http://dx.doi.org/10.
1016/j.ecolmodel.2010.05.006.
Zhao, G., Liu, C., 2020. Carbon emission intensity embodied in trade and its
driving factors from the perspective of global value chain. Environ. Sci. Pollut.
Res. 27 (25), 32062–32075. http://dx.doi.org/10.1007/s11356-020-09130-3.
Zhu, B., Su, B., Li, Y., et al., 2020. Embodied energy and intensity in China’s
(normal and processing) exports and their driving forces, 2005–2015. Energy
Econ. 91 (104911), 1–15. http://dx.doi.org/10.1016/j.eneco.2020.104911.
